We have analyzed the photoreflectance spectra of a GalnP/GalnAs/Ge triple junction solar cell. The spectra reveal signatures from the window layer and middle and top subcells included in the stack. Additional contributions from the multilayer buffer introduced between the mismatched bottom and middle cells have been detected. Franz-Keldysh oscillations (FKOs) dominate the spectra above the fundamental bandgaps of the GalnP and GalnAs absorbers. From the FKO analysis, we have estimated the dominant electric fields within each subcell. In light of these results, photoreflectance is proposed as a useful diagnostic tool for quality assessment of multijunction structures prior to completion of the device or at earlier stages during its processing.
We have analyzed the photoreflectance spectra of a GalnP/GalnAs/Ge triple junction solar cell. The spectra reveal signatures from the window layer and middle and top subcells included in the stack. Additional contributions from the multilayer buffer introduced between the mismatched bottom and middle cells have been detected. Franz-Keldysh oscillations (FKOs) dominate the spectra above the fundamental bandgaps of the GalnP and GalnAs absorbers. From the FKO analysis, we have estimated the dominant electric fields within each subcell. In light of these results, photoreflectance is proposed as a useful diagnostic tool for quality assessment of multijunction structures prior to completion of the device or at earlier stages during its processing.
Multijunction solar cells currently represent the most efficient approach to photovoltaic energy conversión, with efficiencies over 40%. 2 The multijunction design pursues the selective absorption of different parts of the solar spectrum by different absorbers in a layer stack so as to optimize the photogeneration and collection of minority carriers and to reduce energy losses related to thermalization of hot carriers. The characterization of multijunction solar cells is complex and the interpretation of results is usually not straightforward. There are techniques available, e.g., quantum efficiency and spectral response, 3 current-voltage characteristics under illumination and calibration routines thereof, 4 and electroluminescence. However, all these techniques require complete cell structures, including metallization and encapsulation of individual devices. It would be of a great interest to expand the diagnostic tools that reveal the optoelectronic quality of the subcells to earlier stages of device completion or even during processing of the multilayer stack. In this letter, the results of photoreflectance (PR) characterization of a triple junction structure without metallization are presented, and the suitability of PR to this aim is demonstrated. The solar cell structure was grown as an epitaxial, latticemismatched (metamorphic) structure by metalorganic vaporphase epitaxy (MOVPE). More details on the MOVPE growth process can be found elsewhere.
'
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Figure l(a) presents the structure of the GalnP/ GalnAs/Ge triple junction solar cell analyzed in this work. The device includes more than 30 layer steps in a single growth process, including a step-graded buffer consisting of nine layers of Ga x Ini_ x As with increasing In content. This buffer layer has been specifically developed to overeóme the lattice mismatch (about 1.2%) between the bottom (Ge) and the middle (GalnAs) subcells [ Fig. l(b) ]. It also prevents the propagation of misfit dislocations toward the middle subcell, 6 ' 7 which are potential killers for the device photocurrent output.
PR, as a contactless form of electromodulation, belongs to the family of modulated spectroscopies. 9 In our PR setup, Figure 2 (a) shows a characteristic PR spectrum of the analyzed triple junction structure at room temperature. Dotted lines mark the fundamental gaps of three absorption onsets, with estimated valúes of 2.28, 1.67, and 1.18 eV, corresponding to the fundamental transitions of the AlInP window and the top and middle cells, respectively. From these figures, alloy compositions of Al 0 .4 8 Ino.5 2 P (from the direct transition of the window layer 10 ), Gao.35Ino.65P (for the top cell), and Gao.83Ino.17As (for the middle cell) have been estimated. It is worth commenting that the fundamental absorption edge of Ge (bottom cell) at 0.66 eV, which is out of our detectivity range, is PR-silent due to its indirect nature. Direct transitions of Ge above its indirect bandgap 11 (e.g., E^^O.SO eV) can, in principie, be monitored by PR; however, this is not the case under our experimental conditions, as can be seen in Fig. 2(a) . For comparison purposes, a section of the analyzed wafer has been processed into an operative solar cell, the quantum efficiency (QE) of which is presented in Fig. 2(b) . A good correlation between the absorption thresholds is observed between PR and QE data. This corroborates the ability of PR, a contactless and nondestructive technique, to determine alloy compositions for each subcell prior to metallization or even in situ during the growth.
Before going into a more detailed analysis of the richly featured PR spectra, an issue observed in Fig. 2(a) deserves special attention: the entire device structure (excluding the bottom cell) is effectively modulated by the UV láser beam. This point is demonstrated by the detection of PR signatures stemming from the Gao. 8 3ln 0 . 17 As middle absorber in the multijunction cell even when the láser beam is expected to be completely absorbed at the AlInP window and Gao.35Ino.65P top cell. This aspect, as discussed previously from PR measurements on GaAs wafers, 13 is a direct proof of minority carrier diffusion, rather than the penetration depth of the pump beam, as the dominant factor determining the probed región in PR. It represents an intrinsic advantage of this characterization method, as compared to, e.g., photoluminescence, 14 where the láser penetration depth limits the probing of buried layers.
An expanded view of the PR spectrum shown in Fig.  2(a) is presented in Fig. 3(a) . The plot shows features related to the top and middle cells. Again, dotted lines in Fig. 3(a) indicate the estimated fundamental gaps of the different subcells. Below the bandgap of the Gao. 8 3ln 0 . 17 As (1.18 eV) middle cell, a number of minor features are observed, which cannot be ascribed to any of the direct transitions of Ge at the bottom cell. Their origin is presumably related to the Ga x Ini_ x As buffer layer [see Fig. l(a) ] and most likely to the presence therein of an overshooting layer 7 with a higher In content than the Gao. 8 3ln 0 . 17 As middle cell. These features could also be contributed by the presence of crystalline defects accumulated at the buffer layer. 6 ' 7 It is worth mentioning that PR apparently provides a way of probing the quality of the buffer layers in complete devices.
The PR signáis of the middle and top cells presented in Fig. 3(a) are dominated by Franz-Keldysh oscillations (FKOs) above their fundamental gaps, which are a direct measure of built-in electric fields present in the sample (e.g., at space charge regions). FKOs in the PR spectra at energies above a critical point can be described by
where (he) 3 = e 2 h 2 F 2 /(2/x¡) is the electro-optical energy, d is the dimensionality of the critical point, F is the intensity of the electric field, and ¡JL¡ is the reduced interband effective mass in the direction of the field. The extrema of the oscillations satisfy
^ 3 he where n is the index of the extrema (an integer), <p is a phase factor, and E n is the energy of the nth extremum. The magnitude of the electric field can be directly extracted from the slope of a plot of (4/3ir)(E n -E g ) 312 as a function of the index n, as seen in Fig. 3(b) (note that, conversely, ¡JL can be estimated if the electric field is known). For the Gao.35Ino.65P top cell [considering /x=0.66m 0 (Ref. 17) ], the field magnitude obtained is 137 kV/cm, which represents the máximum field within the top subcell structure and is in good agreement with theoretical calculations carried out in the semiconductor simulation environment Sentaurus TCAD from Synopsys. The simulations show that the electric field is particularly strong at the interface between the base layer and the backsurface field. This results from the strong difference in doping and bandgap between these two layers. For the Gao.83Fio.nAs middle cell, the plot does not show a linear dependence on the index of the extrema [see Fig. 3(b) ], indicating that the FKO signal is contributed to by more than one electric field. A simple analysis of the FKOs' extrema is inappropriate in this case. However, if all information regarding the magnitude of the electric field is contained within the period of the oscillation fringes, 18 we can ascertain the different contributions to the oscillatory regime of the PR spectrum using the fast Fourier transform (FFT) method [ Fig. 3(c) ]. For the top cell [black trace in Fig. 3(c) Fig. 3(a) ] are contributed to by several electric fields [fi mid^f " imd , Fig. 3(c) ], in agreement with the nonlinearity of the standard FKO analysis [ Fig. 3(b) ]. In this case, the origin of the fields is unclear, as they can originate at various interfaces in the buffer and middle subcell. We interpret the broad FFT spectrum for the middle cell as the result of a combination of field contributions from the doped graded buffer layers. No further attempt at isolating individual contributions of each layer of the buffer will be made in this contribution. It is, nevertheless, worthwhile to stress again the fact that the method is, in principie, sensitive to this issue. The quantification of the magnitude of the electric fields at the interfaces of the Gao.83Ino.17As and Gao.35ln 0 . 65 P subcells is accessible provided the different signatures embedded in the oscillatory part of the spectrum are confidently identified. The particular assessment of the different transitions observed over the whole device structure may be done by comparing the present results with, e.g., test samples consisting of single absorbers. However, this aspect is outside the scope of the present letter.
In summary, we have presented a PR analysis of a triple junction solar cell structure. The PR spectra obtained at room temperature contain abundant information about the multilayer stack not easily accessible by other techniques, such as those based on luminescence or quantum efficiency. Our results clearly demónstrate the suitability of PR as a characterization and diagnostic tool for this type of device structure. Due to the inherent complexity of such structures, further advances are expected from experiments designed on a differential basis. 
